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Understanding the role of the social environment in the development of stress related diseases requires a
more fundamental understanding of stress. Stress includes not only the stimulus and the response but
also the individual appraisal of the situation. The social environment is not only essential for survival it is
at the same time an important source of stressors. This review discusses the social stress concept, how it
has been studied in rodents in the course of time and some more recent insights into the appraisal
process. In addition to the factors controllability and predictability, outcome expectancy and feedback of
the victim's own actions during the social stress are suggested to be important factors in the develop-
ment of stress related disease. It is hypothesized that individual differences in the way in which these
factors are used in the appraisal of everyday life situations may explain individual vulnerability.
© 2016 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).Contents
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During the last decade there is a renewed interest in the use of
the social environment in animal models of stress pathology. This is
based on the fact that many animal species, including human be-
ings spendmost of their daily life in close proximity of conspeciﬁcs.
It is generally assumed that a focus on social stress enhances the
translational value of animal models. In some species, the social
environment can be quite complex with a diversity of hierarchical
relationships among group members. The general idea is thatas), s.f.de.boer@rug.nl (S.F. de
nl (P. Meerlo).
Inc. This is an open access article u
.M., et al., Social stress modelsevolution has shaped these social structures for optimal survival.
Living in a social community implies adaptation to the behavior and
presence of other group members. In a stable social group, the
social relationships arewell established and there are no clear signs
of stress pathology. From an evolutionary point of view, such a
social structure should be optimal for health, reproduction and
survival. However, social structures can be quite dynamic and have
to be (re)established and maintained. This requires adaptation of
the individual colony members and the degrees in which adapta-
tion processes are activated depend of course on the stability of the
social structure. Hence, the social structure and environment is not
only essential for survival, it can be an important source of social
stressors at the same time. In view of this dual nature and evolu-
tionary signiﬁcance of social structures, it is surprising that manynder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
in rodents: Towards enhanced validity, Neurobiology of Stress (2016),
Fig. 1. Course of plasma corticosterone in male rats, before, during and after either
winning or losing a social conﬂict. Animals were provided permanently implanted
jugular vein cannula to allow undisturbed blood sampling during the social interaction
(Koolhaas et al., 2011).
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of maladaptation and stress related disease. This biomedical path-
ophysiological interpretation bias of rodent models of social stress
and the limitations of such models of depression have recently
been discussed in two papers (Chaouloff, 2013; Gray et al., 2015). A
similar discussion on the adaptive or maladaptive signiﬁcance of
stress induced behavioral changes can be found in the clinical
literature (Nesse, 2000; Nesse et al., 2016). The present paper will
discuss some issues that might help in the interpretation of the
adaptive and/or maladaptive signiﬁcance of the behavioral conse-
quences of social defeat.
Some of the early pioneers of stress research have emphasized
the view that stress should be considered as a process that includes
the stimulus, the perceptual processing or appraisal of this input
and the behavioral and physiological output (J. W. Hennessy and
Levine, 1979; Plaut and Friedman, 1982). Still, many studies and
preclinical studies in particular seem to neglect this aspect of
cognitive, higher level cortical processing of information. To un-
derstand social stimuli as stressors, assessing the activation of the
so called stress systems such as the Hypothalamic-Pituitary-
Adrenocortical (HPA) axis and the Sympathetic nervous e Adre-
nomedullary (SAM) system is not sufﬁcient. These neuroendocrine
systems have an important function in the cardiovascular and
metabolic support of any behavioral reaction to salient environ-
mental challenges or opportunities. For example, the response of
these systems to rewarding stimuli such as sexual behavior or social
victory can be just as high as to aversive stimuli (Buwalda et al.,
2012). Similarly, stress systems are highly activated during the
use of drugs with a strong euphoric action (Goeders, 2002). Hence,
without taking perceptual processes into account, there is a serious
risk of misinterpretation. There is also a risk of circular reasoning.
Because aversive stimuli and negative affective states are often
associatedwith activation of the neuroendocrine stress systems, i.e.
the activation of ‘stress’ systems and/or measurement of “stress
hormone” levels are subsequently used as an indicator or even
proof of the negative connotation of social stress exposure. In
addition, preclinical studies often deﬁne their stimulus as aversive,
usually from an anthropomorphic line of reasoning, and interpret
the myriad of physiological, neuroendocrine, immune and neuro-
chemical changes that occur in response to it as a stress response. In
conclusion, there is a need for indices that allow an answer to the
questionwhether a social stimulus is indeed perceived as a stressor
in the sense that it is considered a serious threat to homeostasis and
thus to physical health and psychological well-being. This paper
will discuss these perceptual processes in more detail; in particular
the individual differentiation in outcome expectancy and feedback
from the stressful event.
2. Social defeat and the appraisal process
2.1. Controllability, predictability
The terms controllability and predictability are central in the
deﬁnition of a stressor. These terms date back to a series of elegant
experiments byMartin Seligman, StevenMaier and JayWeiss in the
late sixties and early seventies of the last century (Seligman and
Maier, 1967; Weiss, 1972). Using a yoked control stress paradigm,
these authors concluded that it is not the physical nature of an
aversive stimulus that induces somatic diseases such as stomach
wall erosions or behavioral disorders such as learned helplessness,
but rather the degree in which the stimulus can be controlled and/
or predicted by an individual. Although the concept of controlla-
bility and predictability has strongly contributed to the present
insights in stress physiology and the development of stress-related
pathology, there are a few shortcomings in this concept. ForPlease cite this article in press as: Koolhaas, J.M., et al., Social stressmodels
http://dx.doi.org/10.1016/j.ynstr.2016.09.003example, there is evidence from the human literature that it is not
the actual control that counts, but the perceived control (Salvador,
2005). This important insight necessitates a cautious interpreta-
tion of preclinical stress studies based on animal models. Stimuli
that are considered as stressors from the anthropomorphic point of
view may not necessarily be stressors from the animal point of
view. In particular in social stress models, this is not always self-
evident. This raises the question how to objectively assess
whether a stimulus is perceived as a stressor in terms of predict-
ability and controllability. In a recent paper, we argued that an
uncontrollable condition can be distinguished from a controllable
one by the adrenaline response and the slow recovery of the acti-
vated HPA axis and the SAM system (Koolhaas et al., 2011). This idea
is illustrated for example in a comparison of the physiological
response of a single social defeat with the response in the animal
that wins the social interaction (Fig. 1). Although the magnitude of
the acute corticosterone response is virtually identical, the recovery
of the response takes almost twice as much time in the loser
compared to the victor. The speed of recovery of the HPA axis
response is determined by a delayed onset of negative feedback
control mechanisms. This delayed onset includes a fast non-
genomic action of glucocorticoids on neuronal excitability medi-
ated by both mineralocorticoid receptors (MR) and glucocorticoid
receptors (GR) (De Kloet et al., 2008). It is suggested that the
stressful nature of a stimulus acts in particular through this fast
glucocorticoid action. Also the magnitude of the acute cardiovas-
cular response to winning and losing a social interaction is iden-
tical, but the difference is in the recovery phase of this response.
The defeated animal shows a delayed recovery (Koolhaas et al.,
2011). Using controllable and yoked uncontrollable foot shocks in
rats, Swenson and Vogel concluded already in 1983 that a delayed
recovery of the corticosterone response and the release of adren-
aline characterize an uncontrollable aversive situation (Swenson
and Vogel, 1983). A graphic presentation of their original data is
given in Fig. 2. Similar results were obtained in carefully controlled
experiments using non-social stressors by de Boer and colleagues
(de Boer et al., 1990). This central role of adrenaline in the acute
stress response is consistent with more recent animal (Kvetnansky
et al., 2013) and human research (Esler, 2010) demonstrating thatin rodents: Towards enhanced validity, Neurobiology of Stress (2016),
Fig. 2. Course of plasma corticosterone, adrenaline and noradrenalin in a foot shock paradigm. Animals were either exposed to a situation in which they could switch off the shock
(controllable) or a yoked control condition in which they received exactly the same amount of shocks as the controllable condition without having any control over it. The full
control group did not receive any shocks (Swenson and Vogel, 1983).
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the adrenaline synthesizing enzyme PNMT in sympathetic nerves
may be an explicit biomarker of a recurrent chronic stress state
and/or a pathophysiological pathway. Together, these ﬁndings
suggest that a controllable stimulus can be distinguished from an
uncontrollable one by the angle of the downward slope of the
physiological responses and/or the presence of an adrenaline
response. In experiments where repeated blood sampling is not
possible, radio-telemetry techniques may be useful to assess the
speed of recovery of autonomic physiological stress responses
(heart rate, blood pressure) as an index of controllability.Please cite this article in press as: Koolhaas, J.M., et al., Social stress models
http://dx.doi.org/10.1016/j.ynstr.2016.09.003Regarding predictability, it is important to notice that natural
selection has sculpted physiology and behavior to meet the most
likely environmental demands plus a modest safety margin. Thus, a
physiological response is not only an attempt to defend a set-point,
but rather a response to some prediction. McEwen has addressed
this issue in his seminal work on allostasis (McEwen and Stellar,
1993; McEwen, 1998; McEwen and Wingﬁeld, 2003). Allostasis is
deﬁned as the process of achieving stability through change in
anticipation of physiological requirements (Sterling and Eyer,1988).
Indeed, in anticipation of a challenging situation, strong prepara-
tory behavioral and physiological responses can be observed. Thisin rodents: Towards enhanced validity, Neurobiology of Stress (2016),
J.M. Koolhaas et al. / Neurobiology of Stress xxx (2016) 1e94conditioned stress response may consist of ﬂight or freezing
behavior accompanied by a strong increase in heart rate and plasma
levels of adrenaline and corticosterone (Korte et al., 1992; McCarty
and Kopin, 1978). Hence, unpredictability can be assessed by the
absence of such anticipatory responses.
A second problem with the classical concept of controllability
and predictability is that they are generally operationally deﬁned as
binary factors; i.e. full control or complete absence of control often
using strongly aversive stimuli. However, in everyday social life
controllability may vary from absolute control, via threat to control
to loss of control. For example, a dominant male may have full
control in a stable social environment, but only partial control or
may experience threat to lose control in socially unstable condi-
tions. This condition, in which a dominant male has difﬁculties to
control the social environment, leads to a cardiovascular type of
stress pathology such as hypertension and cardiac arrhythmia's (Ely
and Henry, 1978; Fokkema et al., 1995; Manuck et al., 1983;
Sapolsky, 1995). Thus, while controllability/predictability gener-
ally reduces the impact of environmental challenges to the body,
very effortful and demanding coping might actually be harmful. It
may be argued that effortful and demanding coping has the risk of
exceeding the healthy ability to cope and may represent non-
coping in spite of the fact that the challenging event can be
controlled. The graded degree of controllability and predictability
in combination with the intensity of coping efforts in the devel-
opment of stress-related pathology requires further attention. It is
conceivable that individual characteristics in terms of the individ-
ual tendency to keep control will be an important factor in this (see
below). An individual's appraisal of the social environment and its
reaction may vary from full control to only partial to complete loss
of control. Moreover, a stressormay bemild in terms of its potential
consequences or it may be life-threatening. A traumatic event that
is life-threatening is likely to be uncontrollable and unpredictable.
Obviously, such events robustly activate the main neuroendocrine
stress-responsive systems that, although initially adaptive, can
become deregulated (i.e., either prolonged hyper- or hypo-(re)ac-
tivity) and may increase vulnerability for stress-related psychopa-
thologies (e.g., depression, anxiety disorders, ﬁbromyalgia, fatigue,
burn-out, PTSD).
2.2. Time domain
The chronic nature of stress is generally considered to be an
important factor in the development of various forms of stress-
related pathology. The ﬁrst studies of chronic social stress in rats
were performed by Calhoun, mainly from the perspective of pop-
ulation ecology (J. B. Calhoun, 1963; J. B. Calhoun, 1962). In addition
to his elaborate studies of a natural population of wild rats, he
created artiﬁcial rat and mice colonies in the lab. He allowed these
colonies to grow to high population densities and found that with
increasing densities, outbursts of extreme aggression occurred and
the social structure of the colonies ﬁnally collapsed (J. B. Calhoun,
1973). After an initial explosive growth of the population, an
increasing number of animals started to show clear signs of stress
pathology leading to high mortality. These early studies were later
criticized, mainly because of a too easy extrapolation of the results
to human over-population. A second criticism was related to the
rather artiﬁcial nature of these colonies with unlimited access to
food and water and the absence of predators and migration. In fact,
the extremely high population densities obtained in these studies
would never occur in nature. However, later studies in feral mice
conﬁrmed the importance of social stress in the dynamics of nat-
ural populations (De Boer et al., 2016; Koolhaas et al., 1999; Van
Oortmerssen, 1971).
Crowding is still used as a social stressor, although in a muchPlease cite this article in press as: Koolhaas, J.M., et al., Social stressmodels
http://dx.doi.org/10.1016/j.ynstr.2016.09.003more controlled manner. These studies are generally based on a
comparison between groups of animals housed under different
densities. This type of crowding has a range of cardiovascular ef-
fects including increased blood pressure and mesenteric artery
reactivity and endothelial dysfunction, in particular in animals with
a genetic predisposition for cardiovascular disease (Okruhlicova
et al., 2008; Toot et al., 2011). A crucial factor in this crowding ef-
fect seems to be the stability of the social group. To make this social
stress model more reproducible, authors have combined crowding
with social instability, by regularly changing the composition of the
group. This method was ﬁrst introduced by Mormede (Mormede
et al., 1990). His study already shows that the neuroendocrine ef-
fects of being exposed to chronic social instability depend on a
complex interaction between individual characteristics and situa-
tional factors. Social instability is also one of the few effective social
stress models in females (Herzog et al., 2009). More recent studies
using this model mainly focus on the long-term consequences of
social instability during adolescence both in males and in females
(Toth and Neumann, 2013). In evenmore controlled studies chronic
social stress is established by repeated social defeat, often com-
bined with chronic exposure to the dominant male behind a wire
mesh screen (Bartolomucci et al., 2005; Buwalda et al., 2005; Fuchs
and Flugge, 2002; Veenema et al., 2005). For an extensive
description of the effects of chronic (psycho)social stress in various
animal species we refer to the paper by Pryce & Fuchs (this vol-
ume). Although repeated social defeat and repeated exposure to the
dominant has clear neuroendocrine and behavioral effects in a
wide variety of species, time may interfere in a rather complex way
with the development of stress pathology. First, the procedure
consists in fact of a series of intermittent exposures to stressors
resulting in recurring stress responses. However, one should realize
that after the ﬁrst exposure to a stressor, adaptive processes such as
consolidation of memory processes (see below) are activated at the
same time. This implies that the response to subsequent exposures
to the same stressor might be the net result of both adaptive and
maladaptive processes. Second, several studies show that merely
the factor time after the ﬁrst exposure to a stressor is sufﬁcient to
cause changes in behavior and physiology. In preclinical social
stress models, it was shown that a single or double social defeat on
two consecutive days is sufﬁcient to induce changes in behavior
and neurobiology that gradually develop within three weeks and
that may last for many months (Kole et al., 2004; Koolhaas et al.,
1990; Koolhaas et al., 1997; Von Frijtag et al., 2000). Similarly, van
Dijken observed progressive changes in behavior and HPA axis in
the weeks following a single series of foot shocks (Van Dijken, et al.,
1992; van Dijken et al., 1993). This situation seems to be compa-
rable to the PTSD patient, who often also experienced a short
episode of stress or a single traumatic life event and may gradually
develop disease symptoms months or years later. A more dynamic
view of the response to a stressor implies that physiological and
behavioral/cognitive processes are still changing long after the
termination of the actual stressor. Evidence suggests that these
dynamics are at a time scale of days, weeks and months. Conse-
quently, the set of symptoms changes in the course of time after the
stress experience.
2.3. Memory consolidation
To understand these temporal dynamics and its adaptive or
maladaptive nature, we may learn from the current views on the
role of stress hormones in the neurobiology of learning and
memory and the role of sleep. The twomain stress systems, the HPA
axis and the SAM system play a major role in the consolidation of
emotional memory. The action of these two systems on learning
and memory strongly depends on the timing of the physiologicalin rodents: Towards enhanced validity, Neurobiology of Stress (2016),
Fig. 3. Circadian amplitude of heart rate, body temperature and activity of male rats
before and after a social defeat measured by permanently implanted radio telemetry
equipment. The animals were experienced winners before the exposure to social
defeat. Graph A: animals that initially resisted the dominant male; Graph B: animals
that submitted without resistance (Meerlo et al., 1999).
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renal cortex secreted during and immediately after the stressor
enhance memory consolidation. They act directly on the amygdala
which is the main brain area involved in emotional learning. This
glucocorticoid action on memory consolidation is facilitated by
circulating catecholamines from the SAM system. These catechol-
amines affect the processing of emotional events in the amygdala
indirectly via afferent vagal nerves. In contrast to the enhancing
effects on memory consolidation, memory retrieval is generally
impaired by the activation of the HPA axis and adrenal medulla. For
recent reviews on stress and memory, we refer to Schwabe et al.,
2014 and Wolf et al., 2015 (Schwabe and Wolf, 2014; Wolf et al.,
2015). The effects on memory consolidation seem to be most
important for understanding the long-term consequences of
stressors. A crucial factor in the consolidation of memory is sleep. It
is generally thought that re-experiencing events of the past day
during the sleep phase is essential for the storage of information
into long-term memory (Stickgold, 2013). Sleep is essential for the
strengthening and qualitative reorganization of new memories
(Landmann et al., 2014). Several studies have indicated that sleep
may particularly beneﬁt the storage of emotional memories, more
so than the storage of neutral information (Hu et al., 2006; Wagner
et al., 2001), and such selective positive effects of sleep on
emotional memory may persist for years (Wagner et al., 2006). Re-
experiencing of stressful events may therefore be considered as
repeated exposure to stressors andmay in that way be perceived as
chronic stress, despite the fact that the actual stressor has long
passed by. Indeed, van Liempt and co-authors found enhanced HPA
and the SAM activity related to an increased sleep fragmentation in
PTSD patients (van Liempt et al., 2013). It is tempting to consider
the possibility that this sleep associated re-experiencing, rumina-
tion or reappraisal of stressors and the associated activation of
physiological stress systems will contribute to a further consoli-
dation of the memory process and experience of chronic stress. At
this stage, it seems relevant to mention that the development of
long-term effects of stressors are prevented by social housing
(Berardi et al., 2014; Fuzzo et al., 2015; Ishii et al., 2016; Ruis et al.,
1999). This social buffering is not speciﬁc for social stress; it also
reduces for example the effects of chronic mild stress and enhances
the extinction of conditioned fear responses (Mikami et al., 2016;
Westenbroek et al., 2003). Further research is required to test the
hypothesis that social buffering is mediated by interfering with
memory consolidation. This hypothesis may predict for example
that social housing is most effective immediately after the stressor
(i.e. the initial memory consolidation phase).
When consolidation of emotional memory is indeed the core
process in both the adaptive and the maladaptive response to
stressors, it becomes important to ask the question what exactly is
stored and remembered. Some recent preclinical studies using so-
cial defeat in rats may shed light on this. The long-term behavioral
and physiological consequences of social defeat seem to depend on
the behavior of the losing animal during the actual social interac-
tion itself. Animals that do resist the dominant for a while before
true subjugation or losing the ﬁght hardly show any long-term
consequences. However, defeated animals that did not resist the
dominant initially or showed clear signs of submissionwithout any
behavioral counter actions appeared to develop long-term changes
in behavior and physiology (Kinn Rod et al., 2014; Meerlo et al.,
1999; Walker et al., 2009; Wood et al., 2010). Fig. 3 illustrates this
phenomenon using the circadian rhythm of heart rate, body tem-
perature and activity as read out. This leads to the hypothesis that
the direct feedback or evaluation of the victim's actions during the
actual stressful event is crucial for its long-term consequences.
Appraisal is then not only the appreciation of the challenging
environment, but just as well the direct cognitive processing of thePlease cite this article in press as: Koolhaas, J.M., et al., Social stress models
http://dx.doi.org/10.1016/j.ynstr.2016.09.003coping efforts with that challenge. Despite the overall negative
outcome, which is defeat, this evaluation of its own actions might
still be positive, i.e. ‘given my limited resources, I have done my
best’. If the end result of this evaluation process is however nega-
tive (‘I could have done better and took the wrong decisions’), this
might be the start of a downward spiral in the subsequent memory
consolidation process. Although we realize that there is a serious
risk of anthropomorphic reasoning based on preclinical studies in
rats, we feel that understanding the cognitive processing of the
victim's own behavioral response during the stressful situation it-
self is the key to understanding whether or not pathological con-
sequences may occur i.e., maladaptation.3. Individual differentiation
It is important to realize that individuals may strongly differ in
the way they deal with environmental challenges. Taking post-
traumatic stress disorder (PTSD) as an example, a traumatic-like
event will trigger PTSD only in about 10e15% of the individuals,
despite exposure to similar uncontrollable, unpredictable and
potentially life-threatening situations (Creamer et al., 2006; Kessler
et al., 2005). Similar percentages were obtained in a rat model of
PTSD (Cohen and Zohar, 2004; Cohen et al., 2004). The notion thatin rodents: Towards enhanced validity, Neurobiology of Stress (2016),
J.M. Koolhaas et al. / Neurobiology of Stress xxx (2016) 1e96the majority of the population is resilient to traumatic life events
has led to a paradigm shift in preclinical stress research. It appears
to be essential to dissociate susceptible from resilient individuals
on the basis of predeﬁned behavioral and physiological character-
istics. Considering again the recovery rate of stress-induced
changes as mentioned earlier, it is tempting to speculate that the
return time to baseline of stress responses may even reﬂect resil-
ience level, and that those who have slow recovery may represent a
risk group for developing pathologies. Relatively few studies take
this approach (Russo et al., 2012; Schmidt, 2010). In addition to
these experimental studies, there is accumulating evidence from a
wide variety of species living in the wild that individuals may differ
in their coping style (Koolhaas et al., 1999). Recent ecological evi-
dence shows that these coping styles should be considered as in-
dividual adaptations to differential environmental conditions.
Resilience and vulnerability then becomes a matter of match or
mismatch between coping style and environmental demands. This
individual variation in coping style within a species has ﬁtness
value and apparently protects the species against ﬂuctuations in
the natural environment (Dingemanse and Wolf, 2010; Sih et al.,
2004). Understanding the individual susceptibility to stress
related disease in a social environment may beneﬁt from under-
standing of the biological basis and adaptive signiﬁcance of this
individual differentiation in coping style.
The term coping style refers to alternative response patterns in
reaction to challenges that are stable over time and across various
situations (Koolhaas et al., 1999). For example, animals character-
ized by a proactive coping style are offensive towards male
conspeciﬁc rivals, are impulsive in decision-making, score high in
frustration tests, take risks in the face of potential dangers and are
novelty seekers (David et al., 2004; Groothuis and Carere, 2005;
Steimer and Driscoll, 2005). The reactive coping style is character-
ized by low levels of offensive aggression and a more readily
acceptance of environmental changes. Extensive studies, using a
variety of learning tasks, show that behavioral ﬂexibility is one of
the main differences between proactive and reactive coping
(Coppens et al., 2010). The proactive individual acts on the basis of
predictions, whereas the reactive individual relies more on direct
environmental input. This difference can be demonstrated for
example in a reversal learning task. The proactive individual has
great difﬁculties in changing from a once learned task into a new
one. It is rigid and makes much more mistakes than a reactive
coping individual (Benus et al., 1990; Bolhuis et al., 2004; Coppens
et al., 2010). When the behavior of a proactive coping individual is
indeedmainly based on previous experience, we have to reconsider
the concepts of predictability and controllability. As discussed
above, the general stress literature emphasizes the importance of
unpredictability of stressors. However, notice that unpredictable is
not the same as a wrong prediction. Intuitively, one may expect a
large impact when an originally fully predictable and controllable
situation suddenly deteriorates and becomes unpredictable and
uncontrollable. It is surprising that the factor outcome expectancy
has not been studied more frequently. Amat and co-workers
showed that previous experience with a controllable foot shock
made male rats more resilient to a subsequent uncontrollable foot
shock (Amat et al., 2006). However, when the previously positive
experiences suddenly change into a negative one, rats seem to be
more vulnerable. This is also demonstrated for example in an
experiment in which animals were socially defeated after they had
already ten winning experiences (Meerlo et al., 1999). A single so-
cial defeat in part of these experienced winners completely abol-
ished their circadian amplitude of heart rate, body temperature and
physical activity for a long period of time Fig. 3b. Similarly, losing
territory ownership and lowering in social rank has been demon-
strated to exert greater immune suppressing effects than socialPlease cite this article in press as: Koolhaas, J.M., et al., Social stressmodels
http://dx.doi.org/10.1016/j.ynstr.2016.09.003subordination per se in a mouse model of chronic subordination
stress (Bartolomucci, 2007). This again suggests that a violation of
positive outcome expectancy might be a serious or even traumatic
experience particularly in proactive individuals that strongly rely
on predictions and expectancies. As a consequence of this line of
reasoning, one may predict a large difference between social defeat
in the victim's home territory and social defeat in someone else's
territory. Unfortunately, there are to the best of our knowledge no
experimental data yet to support this hypothesis.
4. Concluding remarks
The line of reasoning presented above has its consequences for
both clinical and preclinical stress research. Stress research is
notoriously known for its large individual variation in both the
acute stress response and the development of stress related dis-
ease. A fundamental question that might explain this variation but
has hardly been addressed inmost studies is whether the condition
to which the individual is exposed is indeed perceived as a stressor.
To answer this question, research should pay attention to the speed
of recovery of the physiological response and the presence or
absence of an anticipatory response. In addition, the presence of a
pronounced plasma adrenaline response can be considered as an
indicator that a challenge is indeed perceived as uncontrollable and
hence as a stressor. In line with this, the presence of adrenaline co-
transmission and the progressive induction of the adrenaline syn-
thesizing enzyme PNMT in sympathetic nerves may be an explicit
biomarker of a recurrent chronic stress state and/or a pathophysi-
ological course. By taking these aspects of the physiological
response into account one might be able to distinguish susceptible
individuals that have perceived the challenge as a stressor from
resilient individuals that somehow managed to cope with the
challenge. This focus on the individual is also important in pre-
clinical studies using animal models. Studies of coping style and
animal personality in a wide variety of species show that in-
dividuals are differentially optimized for different environmental
conditions. This growing body of literature also implies that a
certain challenge might be perceived as a stressor only by one type
of individual and not by the other.
Although the concept of uncontrollability and unpredictability
as main characteristics of a stressor are well accepted, it is impor-
tant to notice that individuals are usually not naïve in everyday life.
They have predictions and individuals may even differ in the degree
in which they rely on these predictions. Therefore, research should
pay more attention to the concept of outcome expectancies and
wrong predictions by explicitly including previous experience in
the experimental approach. For this, standardized social housing
conditions are particularly important both preceding and during
the experiment. To avoid confounding inﬂuences of social isolation
or formation or social hierarchies, we recommend housing males
with sterilized females.
In view of the suggestion that adaptation and maladaptation is
strongly based on the processes of memory consolidation it seems
important to consider in more detail what exactly is remembered
from the stressful event. Recent studies of social defeat in rats
suggest that feedback from the victim's own actions during the
stressful event might be a crucial determinant of the course of
subsequent adaptive or maladaptive processes. This requires a
detailed assessment of the behavior of the victim during the
stressful event and the victim's own appraisal of this event.
When we consider stress psychopathology as a disease of
adaptation, it is conceivable that pathology develops in situations
of a mismatch between the adaptive process and the actual envi-
ronment. Such a match/mismatch hypothesis was originally
developed in relation to the adult consequences of early life stress.in rodents: Towards enhanced validity, Neurobiology of Stress (2016),
J.M. Koolhaas et al. / Neurobiology of Stress xxx (2016) 1e9 7This hypothesis suggests that early life stress prepares the indi-
vidual for the environmental conditions that it is likely to meet in
adulthood. When these adult conditions indeed match to the early
life environment, the individual is resilient. However, in a situation
where the adult environment differs from the conditions in which
the individual grew up (mismatch), it may develop stress pathology
(Gluckman et al., 2007; Sachser et al., 2011; Schmidt, 2010). This
hypothesis may also hold for the behavioral and physiological
changes induced by stressors in adulthood. In this view, the
behavioral and physiological changes induced by a stressor may be
adaptive and support survival in situations in which there is a high
likelihood of similar environmental conditions. However, these
changes are useless when similar stressors never occur again. In
that situation, there is a mismatch and stress pathology can be
considered as a disease of adaptation. In a social environment, this
means that the more reactive, subordinate animal is resilient due to
its high ﬂexibility. The proactive individual that strongly relies on
predictions is resilient under stable environmental conditions but
vulnerable when outcome expectancies are suddenly violated. For
example a dominant male that loses its dominant position usually
ends as a social outcast with poor health.
Finally, the view presented above is mainly based on experi-
ments in male rats. One may wonder to what extent the same
perceptual processes may hold for other rodent species and for
females. Unfortunately, physiological evidence supporting our view
to assess the appraisal of a situation as a stressor (uncontrollable,
unpredictable) is scarce. There is a general lack of data on plasma
catecholamines in other species. In addition, there is usually an
insufﬁcient resolution in time of the neuroendocrine response to
allow an accurate assessment of the downward slope of the
response. With respect to the other aspects of the appraisal process
discussed above, most of the evidence is rather anecdotal. However,
the available data suggest that our line of reasoning can be gener-
alized to other species. For example, social buffering and the un-
derlying mechanisms has been extensively studied in male and
female voles (Gobrogge and Wang, 2015) and has also been
demonstrated in male mice (Adamcio et al., 2008; Liu et al., 2013)
female rats (Westenbroek et al., 2003) and Guinee pigs (Hennessy
et al., 2009, ). A recent study in mice conﬁrms the temporal dy-
namics of the stress response in the days and weeks after the
termination of the stressor (Jacobson-Pick et al., 2013). A large body
of literature shows coping styles and their function in nature in a
wide variety of species. It goes beyond the scope of this paper to
discuss this extensively, and we may refer to some excellent re-
views (Carere and Maestripieri, 2013; Dingemanse andWolf, 2010).
It shows however that individual differentiation in appraisal and
coping processes is widespread in nature and seems to have a clear
function in the population ecology of the species. In conclusion, we
feel that social stress research in general and the validity of pre-
clinical studies in particular may beneﬁt from a shift in focus to-
wards appraisal and the individual differentiation in the appraisal
process.
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